Introduction {#section1-0963689719858577}
============

Autologous transplants of corneal-limbal tissue have been widely demonstrated as an effective treatment for ocular surface disease^[@bibr1-0963689719858577]^. While the efficacy of these transplants is logically related to the presence of epithelial progenitor cells, the potential contribution of other cell types present within the transplanted tissue remains unclear. In particular, the presence of limbal mesenchymal stromal cells (LMSC) in cultures established from limbal tissue biopsies in vitro^[@bibr2-0963689719858577]^ suggests that these cells might be exploited to improve clinical outcomes. In particular, LMSC have been shown to encourage the growth of corneal epithelial cells derived from limbal tissue biopsies^[@bibr3-0963689719858577],[@bibr4-0963689719858577]^. Cultured LMSC may therefore be used to encourage re-epithelialization in vivo by facilitating the implantation and growth of transplanted epithelial cells, while also encouraging the growth of any healthy epithelial cells that can be retained within the host cornea^[@bibr5-0963689719858577]^. Moreover, the immunosuppressive properties of LMSC^[@bibr6-0963689719858577],[@bibr7-0963689719858577]^ might be exploited to improve the efficacy of epithelial cells derived from donor tissue.

In addition to the literature outlined above, our present study has been specifically designed as a direct extension of our previous studies in rabbits^[@bibr6-0963689719858577],[@bibr8-0963689719858577]^. In the first study^[@bibr6-0963689719858577]^, we fully characterized the phenotype of LMSC derived from the rabbit limbal stroma in comparison with cultures of LMSC derived from human tissue, and in the second study we optimized our protocol for wounding the ocular surface^[@bibr8-0963689719858577]^. While LMSC derived from rabbit and human tissue both display a mesenchymal morphology, the limited availability of antibodies for rabbit cells prevents a more precise characterization of rabbit LMSC (RLMSC) according to accepted MSC standards. Nevertheless, RLMSC display typical patterns of mesenchymal cell differentiation when cultivated under adipogenic, chondrogenic, and osteogenic conditions and suppress proliferation of lymphocytes when tested in mixed leukocyte reaction assays^[@bibr6-0963689719858577]^. Moreover, RLMSC encourage the growth of corneal-limbal epithelial cells in vitro^[@bibr6-0963689719858577]^. These findings suggested to us that the rabbit would provide a suitable model for testing the impact of LMSC when applied to the ocular surface. Moreover, by implanting male RLMSC and human epithelial cells into female rabbits, we should theoretically be able to trace the fate of both cell types.

We have therefore presently investigated the effects of allogeneic RLMSC when applied alone or in conjunction with human limbal epithelial (HLE) cells cultivated on human amniotic membrane (HAM). As in our previous study^[@bibr8-0963689719858577]^, epithelial tissue is removed from across the full width of the cornea including the limbus. A mechanical method of epithelial debridement is used in order to create a more defined wound than that caused by caustic chemicals. Since mesenchymal stromal cells are known to display anti-inflammatory effects, serum C-reactive protein (CRP) is monitored as a non-specific measure of systemic inflammation throughout the healing process. Re-epithelialization of the cornea, enabled through either the implanted HLE and/or any retained rabbit epithelial cells (including the adjacent conjunctiva), is monitored weekly for up to 12 weeks by slit lamp, with the resulting epithelial phenotype being examined using a variety of histological techniques. In particular, the relative presence of keratins 3 and 13 is used as an indicator of corneal epithelial cells^[@bibr9-0963689719858577]^ and limbal-conjunctival epithelial cells^[@bibr10-0963689719858577]^, respectively. Moreover, the fate of applied HLE cells and RLMSC is examined by immunohistochemistry and fluorescence in situ hybridization (FISH), respectively. Our results demonstrate that while LMSC consistently encourage re-epithelialization of the ocular surface, the phenotype of regenerated epithelium and degree of corneal neovascularization varies according to whether or not the stromal cells have been cultivated and applied in the presence of corneal-limbal epithelial cells.

Materials and Methods {#section2-0963689719858577}
=====================

Ethical Approval {#section3-0963689719858577}
----------------

The project was conducted with the approval of the University Animal Ethics Committee at the Queensland University of Technology (UAEC approval number 1200000575). Approval to work with human tissue samples was received from the Human Research Ethics Committee (HREC) of Metro South Hospital and Health Service (HREC approval number: HREC/07/QPAH/048) and the Queensland University of Technology (HREC approval number: 0800000807). The number of animals required per cohort was calculated from preliminary data for animals wounded without treatment and based upon the requirement to detect a 20% increase in re-epithelialization (by ANOVA) compared with non-treated controls by 12 weeks (for power = 0.8 and α = 0.5).

Statement of Human and Animal Rights {#section4-0963689719858577}
------------------------------------

All studies using human tissue samples were conducted according to the National Statement on Ethical Conduct in Human Research (Australian Government, 2007). All procedures involving rabbits were conducted in accordance with the "Animal Care and Protection Act" (Queensland State Government, Australia, 2001), "Australian Code for the Care and Use of Animals for Scientific Purposes" (8th Edition, 2013), and the "ARVO Statement for Use of Animals in Ophthalmic and Vision Research."

Statement of Informed Consent {#section5-0963689719858577}
-----------------------------

Studies involving the use of human corneal tissue acquired from cadaveric donors were conducted with donor/next-of-kin consent.

Establishment of Cell Cultures {#section6-0963689719858577}
------------------------------

A working stock of male RLMSC was established and expanded to second passage (p2) as described previously^[@bibr6-0963689719858577]^ before storage in liquid nitrogen. Culture quality was presently determined by uniform demonstration of a mesenchymal morphology (\>99%) and was consistent with multiple prior cultures analyzed further by flow cytometry and tri-lineage culture experiments for determination of mesenchymal stromal cell phenotyope^[@bibr6-0963689719858577]^. Cultures of HLE were established from discarded samples of donor corneal limbus with the aid of growth-arrested feeder cells as described previously^[@bibr3-0963689719858577]^.

Establishment of Cultures on HAM {#section7-0963689719858577}
--------------------------------

HAM was supplied attached to nitrocellulose backing paper and frozen in 50% glycerol/50% balanced salt solution by the New Zealand National Eye Bank (Auckland, New Zealand). With the exception of 1 piece (refer to [Table 1](#table1-0963689719858577){ref-type="table"}), all pieces of HAM were procured from the same donor. Prior to seeding of cells, each piece of HAM was thawed, washed 3 times for 5 min in Hanks' balanced salt solution and mounted within a custom-made cell culture chamber (Ludowici chamber)^[@bibr11-0963689719858577]^. Once securely mounted within the chamber, the majority of the nitrocellulose backing paper was carefully peeled away using watchmaker forceps to facilitate visualization of HAM structure and the subsequently established cultures using phase contrast microscopy. Prior to seeding of cells, the upper HAM surface was treated with Versene followed by 0.05% trypsin/1 mM EDTA (5--7 min at 37°C) in an effort to loosen any remaining amniotic epithelial cells. After adding 1 mL of epithelial growth medium, the amniotic epithelial cells were removed by gentle trituration across the membrane surface using a 1 mL pipette. If necessary, the process was repeated until the majority of epithelial cells (approximately greater than 75%) had been removed. HLE cells were seeded onto the upper HAM surface at a density of 10^5^/cm^2^. RLMSC were applied to the lower membrane surface at a density of 0.5 × 10^5^/cm^2^. In the case of co-cultures, the RLMSC were seeded 48 h prior to addition of the HLE cells. All cultures were prepared in duplicate and were maintained for 10--12 days in epithelial culture medium prior to use.

###### 

Summary of Clinical Data for Wounded and Treated Animals.

![](10.1177_0963689719858577-table1)

  --------------------------------------------------------------------------------------------
  Cohort   Tx                Final Assess.   Histology                                    
  -------- -------- -------- --------------- ----------- ------- ------ ------- ---- ---- ----
  No Tx    --       --       --              A           35.8    35.6   15.5\   --   \+   \+

  --       --       --       B               24.1        32.9    24.9   \+      --   \+   

  --       --       --       C               37.8        2.25    14.5   --      \+   \+   

  HLE\     HD1 p1   HD7      --              D           20.1    26.9   37.7    \+   --   \+
  HAM                                                                                     

  HD2 p2   HD7      --       E               18.6        26.7    42.8   \+      --   \+   

  HD3 p2   HD7      --       F               48.8        38.8    35.2   --      --   \+   

  HLE\     HD4 p2   HD7      RD1 p3          G           38.2    0.0    26.2    --   \+   \+
  HAM\                                                                                    
  RLMSC                                                                                   

  HD5 p2   HD7      RD1 p4   H               27.1        10.25   24.4   --      \+   \+   

  HD6 p2   HD7      RD1 p4   I               10.8        26.8    37.7   \+      --   \+   

  HAM\     --\      HD7      RD1 p4          J           17.6    0.0    95.9    \+   --   \+
  RLMSC                                                                                   

  --\      HD7      RD1 p4   K               13.8\       3.9     89.6   \+      --   \+   

  --\      HD8      RD1 p4   L               36.5        8.5     69.0   \+      --   \+   
  --------------------------------------------------------------------------------------------

HD = Human donor. RD = rabbit donor. CNV = corneal neovascularization. Remaining abbreviations are explained within the text.

Sourcing, Care and Clinical Assessment of Rabbits {#section8-0963689719858577}
-------------------------------------------------

Female New Zealand White rabbits (2.5--3.0 kg) were sourced and cared for as previously described in detail^[@bibr8-0963689719858577]^. Likewise, anesthesia, post-operative care, and clinical assessments (including general photography, slit lamp examination, and quantification of re-epithelialization) were conducted as described previously^[@bibr8-0963689719858577]^. Notably, post-operative pain management consisted of alternating doses of meloxicam (morning; 0.05 mg/kg) and buprenorphine (afternoon; 50 µg/kg) for up to 72 h following surgery. Animals also received topical treatment twice per day with Amacin eye ointment (5 mg/g neomycin sulfate, 5000 IU/g polymixin B sulfate, 2.5 mg/g prednisolone and 50 mg/g sulfacetamide sodium) until healed. The time course of changes in percentage defect for each animal was plotted using Prism 6 (Graph Pad) and analyzed using a two-way ANOVA followed by Tukey's post-hoc test. Relative differences in the degree of corneal neovascularization were determined on clinical images obtained at 12 weeks. Measurements of corneal area displaying blood vessels (expressed as percentage of total corneal area) were manually traced and calculated using ImageJ. Individual values for each animal were plotted using Prism 6 and analyzed by Kruskal--Wallis test followed by Dunn's multiple comparisons test.

Monitoring of Serum CRP Levels {#section9-0963689719858577}
------------------------------

Samples of whole blood were obtained from each rabbit immediately prior to wounding (day 0) and on days 1, 3, 7, and 84 (12 weeks) following wounding/treatment. Blood was obtained via 24-gauge cannula (BD Insyte, Cat. No. 381212; North Ryde, NSW, Australia) inserted into a lateral ear vein. A cream containing 25 mg/g lignocaine and 25 mg/g prilocaine (Emla; AstraZeneca, North Ryde, NSW, Australia) was applied topically to lateral ear veins 1 h prior to bleeding to anesthetize the area. During each collection, rabbits were firmly wrapped in a blanket, with eyes shielded, and placed on a warming mat. Between 2 and 3 mL of blood was collected directly into an SST II Advance blood collection tube with lid removed (BD Vacutainer, Cat. No. 367956; North Ryde, NSW, Australia) and allowed to clot for 30 min at room temperature. The resulting serum was retrieved following centrifugation and stored at --80°C until testing. Levels of CRP in each serum sample were subsequently determined using a commercial ELISA kit, according to manufacturer's instructions (ICL Inc., Cat. No. E-15CRP; Australian Biosearch Pty Ltd., Karrinyup, WA, Australia).

Wounding of Rabbits {#section10-0963689719858577}
-------------------

An experienced ophthalmic surgeon (FJL) performed all the procedures with the aid of a surgical microscope. Rabbits were prepared for surgery as described previously^[@bibr8-0963689719858577]^ with the addition that each right eye was proptosed prior to surgery by placing a piece of sterile glove, with cross-shaped slit cut within it, across the surface of the eye, and applying light downwards pressure at the periphery with aid of a scalpel blade handle. Epithelial debridement was preceded by a 360° conjunctival peritomy, approximately 1.5 mm beyond the limbus, with dissection toward the limbus. Debridement then commenced initially with 360° superficial limbal keratectomy using an Algerbrush II fitted with 2.5 mm round-ended, diamond-dusted burr (Rumex International/Emagin Pty Ltd., Banksmeadow, NSW, Australia; Cat. No. 16-051-2.5B). The same device was subsequently applied in a circular manner with light pressure across the corneal surface. Fluorescein staining under cobalt illumination was performed in order to ensure that the majority of epithelium had been removed. If regions of poor dye penetration were noted by slit lamp examination, then further debridement was performed.

Application of Cultures to Ocular Surface {#section11-0963689719858577}
-----------------------------------------

After removal from transport medium (DMEM without serum or other supplements), each culture was positioned so that the central area came into contact with the ocular surface, with the epithelial cell side (when present) facing upwards and the stromal cell side facing downwards. The periphery of each culture was then slowly and gradually released from the culture chamber by carefully cutting with iris scissors. Further trimming of the HAM was performed until a peripheral flap of approximately 3--5 mm was overlying the sclera. Eight discontinuous, superficial, and regularly spaced sutures (10.0 Vicryl) were then inserted to secure the HAM to the sclera. The peripheral edge of the HAM including sutures was subsequently covered with a circular conjunctival flap using eight additional sutures. Transport medium was applied drop-wise to the surface of the HAM every 5--10 min in an effort to reduce potential drying of the culture. The rabbit's nictitating membrane was secured to the lower temporal side eyelid for 1 week using a 4.0 nylon suture and a central tarsorrhaphy performed. Following weekly assessments for 12 weeks, each animal was euthanized by slow intravenous injection with 325 mg/kg of sodium pentobarbital.

General Histology {#section12-0963689719858577}
-----------------

Prior to retrieving eyes from deceased animals, the orientation of tissue was labeled by applying a marker pen to the superior sclera/conjunctiva. Excised tissue in the form of whole enucleated eyes was typically fixed overnight in neutral buffered formalin followed by transfer to 70% ethanol. The anterior cap from each eye was subsequently removed with the aid of iris scissors and processed into paraffin. Prior to embedding, three cuts were made along the superior--inferior axis resulting in four strips of corneal tissue. The first cut was made directly through the center of each cornea resulting in two hemi-corneas of approximately equal size. Each tissue piece was subsequently cut again resulting in a "longer central" and "shorter peripheral" segment of cornea. During embedding the opposing cut surfaces were placed face-down within the mold. After subsequent facing, each section removed off the block therefore contained four tissue sections: two spanning the entire cornea and limbus from along the central superior--inferior axis, and two similarly orientated sections from the mid-temporal and mid-nasal peripheral cornea. A dozen sections were mounted and examined for each block. Three whole sections acquired from regular spaced intervals were initially examined for general morphology after staining with Ehrlich's hematoxylin and eosin (H&E) and adjacent sections were stained for goblet cells (GCs) using the periodic acid--Schiff reagent (PAS) method and Mayer's hematoxylin.

Immunostaining {#section13-0963689719858577}
--------------

Immunostaining was subsequently performed using primary antibodies selective for keratin 3 (1:300 dilution; clone AE5; Millipore Pty Ltd, Cat. No. CBL218; Bayswater, VIC, Australia), keratin 13 (1:300 dilution; clone AE8, Abcam Pty Ltd, Cat. No. ab16112; Sapphire Bioscience Pty Ltd., Redfern, NSW, Australia) or human nuclear antigen (HNA; refer below). An immuno-peroxidase method was used for detection of keratins in tissue sections and an immunofluorescence method was used for detection of HNA in either cell cultures (optimization of antibody selection) and tissue sections. The immuno-peroxidase method, (including antigen retrieval protocol) was conducted as described previously^[@bibr8-0963689719858577]^.

Prior to investigating the fate of implanted human cells, a preliminary study was conducted using three commercial antibodies with potential selective specificity for human *versus* rabbit cells; the anti-mitochondrial antibody 113 -1 (1:100 dilution; Merck Millipore Cat. No. MAB1273), the anti-HNA clone 235 -1 (1:100 dilution; Merck Millipore Cat. No. MAB1281) and the anti-HNA clone 3E1.3 (1:100 dilution; Merck Millipore Cat. No. MAB4383). These antibodies were screened using early passage (p3) cultures of corneal-limbal epithelial cells established from human and rabbit limbal tissue in 24-well culture plates. Each culture was fixed for 10 min in neutral buffered formalin, permeabilized by treatment with 0.3% Triton/PBS (2 × 5 min) and blocked by incubation for 30 min at room temperature in 2% normal goat serum/PBS. Each primary antibody was subsequently applied at a 1:100 dilution in PBS containing 1% NGS and incubated overnight at 4°C. After four washes in PBS, the secondary antibody (Alexa 488-conjugated goat-anti-mouse IgG; ThermoFisher Scientific, Cat. No. A11001) was applied at 1:100 dilution in PBS containing 1% NGS and incubated in the dark for 1 h at room temperature. The same protocol was subsequently used to stain deparaffinized tissue sections with anti-HNA antibody 235 -1. Additional controls consisted of sections obtained from normal and human tissue. Imaging of immunofluorescence was conducted using a Nikon TE-2000 equipped with a CoolSNAP ES cooled CCD camera and NIS Elements (F package).

FISH {#section14-0963689719858577}
----

FISH was used to investigate the potential contribution of male rabbit stromal cells to the regenerated epithelium observed in female rabbits. The procedure utilized the Dako Histology FISH Accessory kit (Cat. No., K5799; Agilent Technologies Australia Pty Ltd., Mulgrave, VIC, Australia) and a Cy3-labeled rabbit Y chromosome FISH probe purchased from Chromosome Science Labo Inc. (Cat. No., CSL OOY-10; Shiroishi-ku Sapporo, Japan). In brief, paraffinized 3 µm sections of control (male corneas) and test tissue (treated female corneas) were mounted on adhesive-coated slides and baked for 60 min at 70°C. Following removal of paraffin and rehydration in graded alcohols, the sections were immersed in the FISH Accessory kit pre-treatment solution for 10 min heated to 95°C using a water bath. The heated solution containing slides was subsequently removed from the water bath and allowed to cool for 15 min. The slides were subsequently washed twice in the kit wash buffer before application of cold pepsin solution (4°C) and incubation at room temperature for 10 min. Following removal of pepsin solution, by further treatment with wash buffer, the sections were dehydrated through graded alcohols and air dried before application of 10 µL of probe (as supplied by manufacturer without further dilution) and mounting under glass coverslip. After application of Coverslip Sealant, the slides were heated at 85°C for 10 min before being placed overnight at 37°C in a humidified chamber (cell culture incubator). Following removal of coverslips and sealant, the slides were rinsed briefly in stringent wash buffer at room temperature followed by incubation in fresh stringent wash buffer at 65°C for 10 min. After two further washes in the supplied regular wash buffer the slides were dehydrated a final time through graded alcohols before being mounted in 15 µL of fluorescence mounting medium supplied with the kit (containing blue nuclear stain). The mounted slides were stored at 4°C and imaged using a Zeiss Axio Imager.Z2 equipped with Cy3 filter set, 63x/1.4 N.A. objective lens, Zeiss Axiocam 506 mono cooled CCD camera.

Results {#section15-0963689719858577}
=======

Construction and Analysis of Treatment Cultures {#section16-0963689719858577}
-----------------------------------------------

Nine pairs of duplicate cultures were established on HAM throughout this study (two cultures prepared for each animal to be treated with one to be used as a spare if required). All HAM samples were acquired from the same human donor with the exception of the last pair of cultures seeded with RLMSC alone (due to insufficient supply). Each pair of duplicate cultures containing HLE (with or without RLMSC) was prepared from a unique human tissue donor and seeded onto HAM at either passage 1 or 2. All cultures containing RLMSC were established using cells from the same donor rabbit and same passage number (p4). In the case of cultures prepared from HLE alone on HAM, one of the duplicate cultures developed a hole during the cultivation period and thus was unavailable for further analysis. For all other sets, however, a duplicate culture was available for confirmation of culture integrity by routine histology. Examination of sections after staining with H&E revealed a disorganized and stratified epithelium of approximately five layers for all HAM samples seeded with HLE ([Fig. 1](#fig1-0963689719858577){ref-type="fig"}). In contrast, RLMSC cultures were noticeably more stratified when grown in the presence of HLE.

![Confirmation of HLE and/or RLMSC presence in prepared cultures. Representative images of histological sections (H&E stained) obtained from spare cultures of human limbal epithelial (HLE) cells and/or rabbit limbal mesenchymal stromal cells (RLMSC) attached to human amniotic membrane (HAM). Notably, the RLMSC culture was more stratified when grown in the presence of HLE.](10.1177_0963689719858577-fig1){#fig1-0963689719858577}

Baseline Response to Wounding (Epithelial Debridement Without Suturing) {#section17-0963689719858577}
-----------------------------------------------------------------------

The baseline response to wounding (without subsequent treatment) was examined in a cohort of three rabbits. In the absence of treatment, the conjunctival epithelium remained resected away from the limbal margin. Examination of eyes by fluorescein staining immediately after wounding indicated that the majority of epithelial cells had been removed from the cornea and limbus (Supplementary [Figure 1](#fig1-0963689719858577){ref-type="fig"}). Gradual re-epithelialization occurred over 12 weeks of observation, but no eyes healed completely over this time period ("No Tx" in [Fig. 2A](#fig2-0963689719858577){ref-type="fig"} and animals A, B, and C in [Fig. 3](#fig3-0963689719858577){ref-type="fig"}). Serum CRP levels increased within 24 h of wounding, then declined to baseline levels by 72 h ([Fig. 2B](#fig2-0963689719858577){ref-type="fig"}). A second increase in CRP levels was observed by 7 days (following cessation of meloxicam treatment on day 3), before declining to baseline levels by 12 weeks ([Fig. 2B](#fig2-0963689719858577){ref-type="fig"}). Corneal neovascularization was evident within 4 weeks with 3--4 quadrants becoming involved by 12 weeks ([Fig. 2C](#fig2-0963689719858577){ref-type="fig"} and animals A, B and C in [Fig. 4](#fig4-0963689719858577){ref-type="fig"}). Corneal opacity was evident at 12 weeks and the ocular surface remained rough. Histology at 12 weeks demonstrated a mixed phenotype of K3 and K13-positive epithelial cells in two animals, with the third displaying evidence of mature conjunctival epithelium (K13 with PAS+ goblet cells; animals A, B and C in [Table 1](#table1-0963689719858577){ref-type="table"} and [Figs. 5](#fig5-0963689719858577){ref-type="fig"} and [6](#fig6-0963689719858577){ref-type="fig"}).

![Graphical summary of clinical data. (A) Time course of re-epithelialization as measured under cobalt lamp illumination after fluorescein staining. Analysis of data using a two-way ANOVA (followed by Tukey's multiple comparisons test) revealed significant differences between each pair of treatment groups (at *p* \< 0.05 or less). Asterisks (\* = *p* \< 0.5; \*\* = *p* \< 0.0001) indicate significant differences between each treatment cohort compared with the non-treated control group (No Tx). (B) Comparison of serum CRP levels. Line graphs indicate the mean +/- SEM of values (mg/L) for each cohort of three rabbits. Single asterisk indicates significant (*p* \< 0.005) difference to animals wounded without treatment (No Tx). Double asterisk indicates a significant difference (*p* \< 0.0001) between animals treated with co-cultures (HLE-HAM-RLMSC) compared with all other cohorts. (C) Comparison of corneal neovascularization observed between animals after 12 weeks. Line and error bars indicate the mean +/- SEM for each treatment cohort. The % corneal neovascularization (CNV) for each animal (A through L) was calculated based upon estimated measures of corneal area with blood vessels using ImageJ. Asterisk indicates a significant difference in CNV for animals receiving HAM with RLMSC cultured on the underlying surface, compared with animals that had been wounded without subsequent treatment.](10.1177_0963689719858577-fig2){#fig2-0963689719858577}

![Healing patterns (re-epithelialization) of rabbit eyes after 12 weeks, as viewed under cobalt lamp illumination after fluorescein staining. Labels "A" through "L" indicate identity of each rabbit as summarized in [Table 1](#table1-0963689719858577){ref-type="table"}. Treatment groups as described above consisted of controls (No Tx; rabbits A, B, and C), human limbal epithelial cells grown on human amniotic membrane (HLE-HAM; rabbits D, E, and F), HLE and rabbit mesenchymal stromal cells grown on HAM (HLE-HAM-RLMSC; rabbits G, H, and I), or HAM with RLMSC alone (HAM-RLMSC; rabbits J, K, and L).](10.1177_0963689719858577-fig3){#fig3-0963689719858577}

![Gross appearance of rabbit eyes displaying varying degrees of corneal vascularization at 12 weeks. Labels "A" through "L" indicate identity of each rabbit as summarized in [Table 1](#table1-0963689719858577){ref-type="table"}. Treatment groups as described above consisted of controls (No Tx; rabbits A, B, and C), human limbal epithelial cells grown on human amniotic membrane (HLE-HAM; rabbits D, E, and F), HLE and rabbit limbal mesenchymal stromal cells grown on HAM (HLE-HAM-RLMSC; rabbits G, H, and I), or HAM with RLMSC alone (HAM-RLMSC; rabbits J, K, and L).](10.1177_0963689719858577-fig4){#fig4-0963689719858577}

![Basic histology of rabbit corneas at 12 weeks as revealed by staining of sections with hematoxylin and eosin (H&E) and periodic acid--Schiff stain (PAS). Labels "A" through "L" indicate identity of each rabbit as summarized in [Table 1](#table1-0963689719858577){ref-type="table"}. Treatment groups consisted of controls (No Tx), human limbal epithelial cells grown on human amniotic membrane (HLE-HAM), HLE and rabbit mesenchymal stromal cells grown on HAM (HLE-HAM-RLMSC), or HAM with RLMSC alone (HAM-RLMSC). Arrows highlight the location of goblet cells (GC) and blood vessels (BV).](10.1177_0963689719858577-fig5){#fig5-0963689719858577}

![LMSC affect the phenotype of healed epithelium. Immunohistochemical staining of rabbit corneas at 12 weeks to demonstrate typical presence of corneal (K3) and conjunctival (K13) epithelium. Labels "A" through "L" indicate identity of each rabbit as summarized in [Table 1](#table1-0963689719858577){ref-type="table"}. Treatment groups as described above consisted of controls (No Tx), human limbal epithelial cells grown on human amniotic membrane (HLE-HAM), HLE and rabbit mesenchymal stromal cells grown on HAM (HLE-HAM-RLMSC), or HAM with RLMSC alone (HAM-RLMSC). Notably, the best healing outcomes were achieved for two animals receiving RLMSC in the presence of HLE (parts G and H).](10.1177_0963689719858577-fig6){#fig6-0963689719858577}

Effects of Treatments on Re-epithelialization {#section18-0963689719858577}
---------------------------------------------

All treated cohorts displayed a gradual increase in re-epithelialization over the 12 weeks of observation as monitored by fluorescein staining under cobalt illumination ([Figs. 2A](#fig2-0963689719858577){ref-type="fig"} and [3](#fig3-0963689719858577){ref-type="fig"}). The fastest rates of re-epithelialization, however, were observed in cohorts treated with RLMSC, with the greatest overall healing being observed in animals receiving both HLE and RLMSC on HAM (90% healed by 7 weeks compared with 50% healed at this same time point for the non-treated control; *p* \< 0.0001; assessed by two-way ANOVA followed by Tukey's multiple comparison test).

Effects of Treatments on Serum CRP Levels {#section19-0963689719858577}
-----------------------------------------

The majority of treated animals (8 out of 9) displayed a similar profile of changes in serum CRP levels to the non-treated cohort, with an initial peak being observed at 24 h after wounding, followed by a decline within 3--7 days ([Fig. 2B](#fig2-0963689719858577){ref-type="fig"}). Animals that received co-cultures of RLMSC and HLE on HAM, however, displayed a 3--4-fold greater increase in serum CRP levels at 24 h compared with all other cohorts (*p* \< 0.0001 by two-way ANOVA followed by Tukey's multiple comparisons test). In addition, animals that received HLE alone on HAM displayed 90% lower serum CRP levels after 1 week when compared with non-treated animals (*p* \< 0.005). Similar levels were seen for all cohorts by 12 weeks.

Effects of Treatments on Neovascularization {#section20-0963689719858577}
-------------------------------------------

All animals developed varying degrees of corneal neovascularization over the 12 weeks of observation ([Figs. 2C](#fig2-0963689719858577){ref-type="fig"} and [4](#fig4-0963689719858577){ref-type="fig"}). The greatest level of neovascularization was observed in animals receiving cultures of RLMSC alone on HAM, which was 4-fold higher than for animals wounded without treatment (*p* \< 0.05 by Kruskal--Wallis test followed by Dunn's multiple comparisons test).

Histological Analyses {#section21-0963689719858577}
---------------------

Examination of control (non-wounded) tissue demonstrated the expected normal structure for corneal and conjunctival tissue (Supplementary [Figure 2](#fig2-0963689719858577){ref-type="fig"}). In brief, the cornea displayed a stratified epithelium that was devoid of GCs and stromal blood vessels. Moreover, the corneal epithelium displayed positive immunostaining for K3 and was negative for K13. Conversely, the conjunctival epithelium displayed positive staining for K13, but was negative for K3. The supra-basal layers of the limbal epithelium, however, stained positively for both K3 and K13.

Examination of H&E-stained sections of wounded eyes confirmed the development of corneal vascularization, with the largest and best developed vessels being observed in animals that received treatment with HAM seeded with RLMSC alone (animals J, K, and L in [Table 1](#table1-0963689719858577){ref-type="table"} and [Fig. 5](#fig5-0963689719858577){ref-type="fig"}). The presence of GCs (as confirmed by PAS staining) was also most consistently observed in animals treated with RLMSC alone. Strongest immunostaining for K13 (a marker for superior limbal and conjunctival epithelial cells) was also observed in this cohort (animals J, K, and L in [Table 1](#table1-0963689719858577){ref-type="table"} and [Fig. 6](#fig6-0963689719858577){ref-type="fig"}). In contrast, the clearest example of immunostaining for K3 (a marker for superior limbal and corneal epithelial cells) was observed in two animals treated with both HLE and RLMSC on HAM (animals G and H in [Table 1](#table1-0963689719858577){ref-type="table"} and [Fig. 6](#fig6-0963689719858577){ref-type="fig"}). Conversely, no staining for K3 was observed for animals treated with HLE alone on AM (animals D, E, and F in [Table 1](#table1-0963689719858577){ref-type="table"} and [Fig. 6](#fig6-0963689719858577){ref-type="fig"}). The epithelia that had partially regenerated in animals wounded without treatment expressed either both K3 and K13, or K13 alone in the presence of PAS-stained GCs (animals A, B, and C in [Table 1](#table1-0963689719858577){ref-type="table"} and [Figs. 5](#fig5-0963689719858577){ref-type="fig"} and [6](#fig6-0963689719858577){ref-type="fig"}).

Given the remarkable staining for K3 in two animals receiving HLE in conjunction with RLMSC (animals G and H), the potential presence of human cells was investigated by immunostaining using an antibody to HNA. Fixed cultures of rabbit and human corneal epithelial cells were initially screened by immunofluorescence to confirm the specificity of this antibody (Supplementary [Figures 3](#fig3-0963689719858577){ref-type="fig"} and [4](#fig4-0963689719858577){ref-type="fig"}). Control sections of human tissue were also reactive toward this antibody ([Fig. 7](#fig7-0963689719858577){ref-type="fig"}). No staining for HNA, however, was subsequently detected when sections of wounded/treated tissue were examined by immunohistochemistry (as shown for rabbit G in [Fig. 7](#fig7-0963689719858577){ref-type="fig"}). Likewise, the rabbit Y chromosome was not detected within the regenerated epithelium when examined by FISH (as shown for rabbit G in [Fig. 8](#fig8-0963689719858577){ref-type="fig"}). Thus, neither HLE nor male RLMSC were detected within the regenerated corneal epithelium.

![The regenerated epithelium does not contain HLE. Upper panel: Confirmation of immunoreactivity of control human tissue toward antibody to human nuclear antigen (mab 235 -1). The terminal end of Bowman's layer (BL) is visible by phase contrast images (left) and via background fluorescence in stained sections (right) indicating that the images are acquired at the corneal limbus. Lower panel**:** Demonstrates example of staining outcomes when sections of non-wounded control (No Tx eye) and treated rabbit tissue (Rabbit "G") are stained for human nuclear antigen. The absence of staining suggests that no human epithelial cells (HLE) have been retained by 12 weeks. NB: BL is not present in the rabbit cornea.](10.1177_0963689719858577-fig7){#fig7-0963689719858577}

![The regenerated epithelium does not contain RLMSC. Results of FISH staining for the rabbit Y chromosome within sections of control male corneal epithelium (A; with arrow denoting positive labeling and magnified 3-fold within insert) compared with negative reactivity with the regenerated epithelium observed in rabbit "G."](10.1177_0963689719858577-fig8){#fig8-0963689719858577}

Discussion {#section22-0963689719858577}
==========

While the therapeutic benefits of cultivated limbal epithelial cells in human subjects are well accepted^[@bibr12-0963689719858577],[@bibr13-0963689719858577]^, prior studies of the therapeutic properties of LMSC are limited to a handful of studies in rodents and rabbits (as summarized in [Table 2](#table2-0963689719858577){ref-type="table"}). Significantly, three out of the five studies have examined the effects of LMSC on wounds caused by methods typically used to induce limbal stem cell deficiency (LSCD)^[@bibr14-0963689719858577][@bibr15-0963689719858577]--[@bibr16-0963689719858577]^. Despite significant variations in wound models and methods of administration, a consistent pattern of improved stromal healing has been observed as indicated by increased corneal transparency and reductions in edema, and/or corneal neovascularization. The effects of LMSC on the ocular surface, however, are less clear with only two studies having examined the effects of LMSC on re-epithelialization^[@bibr14-0963689719858577],[@bibr15-0963689719858577]^ and the resulting epithelial phenotype only having been examined in one case^[@bibr15-0963689719858577]^. Moreover, the effects of LMSC have yet to be examined in conjunction with a cultured limbal epithelial cell transplant, which is surprising given the severity of wounds examined. We therefore sought presently to examine the effects of LMSC when applied to the wounded ocular surface of rabbits. Moreover, we examined the impact of LMSC cultures that had been cultivated and implanted in the presence of HLE cells, compared with those that had been cultivated and implanted in the absence of HLE.

###### 

Prior Studies of Corneal Tissue Response to LMSC when Applied *in Vivo*.

![](10.1177_0963689719858577-table2)

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                          Species   Wound model\   Treatment         Key Outcomes                                                                                                                                            
  ------------------------------ --------- -------------- ----------------- -------------------------------------------- ------- ------------------------------------------------- ----------------- --------- ---------- ---- ---- ----
  ^[@bibr2-0963689719858577]^    Hum.      M              Mechanical\       Central cornea including basement membrane   \<1 h   Suspended in fibrin glue.                         Topical           NE        ↑\         NE   ↓    ↓
                                                          *Algerbrush II*                                                                                                                                                           

  ^[@bibr14-0963689719858577]^   Rat       Rat            Chemical\         Cornea & limbus                              24 h    Suspended in medium.                              \- Topical\       ↑\        ↑\         NE   NE   ↓\
                                                          *Alkali burn*                                                                                                            - Conj. inj.\     ↑\        ↑\                   ↓\
                                                                                                                                                                                   - i.p. inj.\      ↑\        ↑                    ↓
                                                                                                                                                                                                     Ph: NE                         

  ^[@bibr15-0963689719858577]^   Rab.      Rab.           Chemical\         Cornea & limbus                              \<1 h   Attached to fibrous scaffold prepared from PLA.   Topical           ↑\        ↑          ↓    NE   ↓
                                                          *Alkali burn*                                                                                                                              Ph: K3+                        

  ^[@bibr16-0963689719858577]^   Hum.\     M              Mechanical\       Cornea & limbus                              \<1 h   Suspended in fibrin glue.                         Topical           NE        NE         NE   NE   ↓
                                 M                        *Algerbrush II*                                                                                                                                                           

  ^[@bibr17-0963689719858577]^   Hum.      M              Mechanical\       Stromal pocket                               \<1 h   Cultivated sheet.                                 Stromal implant   NE        1-wk: ↓\   NE   NE   No
                                                          27G needle                                                                                                                                           5-wk:\               
                                                                                                                                                                                                               Norm.                
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: ***Species***, Hum. = Human, M = mouse, Rab. = rabbit. ***Treatment***, Conj. Inj = sub-conjunctival injection, i.p. = intraperitoneal injection. ***Key Outcomes***, Epi. = epithelialization, Trans = transparency, CNV = corneal neovascularization, NE = not examined, Ph = cell phenotype, K3 = keratin 3, Norm. = normal., ↑ = significant increase, ↓ = significant decrease, No = not present.

In order to provide accurate context, it is first necessary to discuss the nature of wounds created in our study. We have presently wounded the ocular surface of rabbits using a rotating burr tool (Algerbrush II). Our prior analyses of wounds created using this method indicate that this is an efficient way to remove epithelial cells from both the cornea and limbus with minimal damage to the underlying stroma^[@bibr8-0963689719858577]^. While the level of epithelial debridement was checked by fluorescein staining (Supplementary [Figure 1](#fig1-0963689719858577){ref-type="fig"}), it remains possible that small islands of epithelial cells are retained, such as has been observed for some patients with eye injuries^[@bibr5-0963689719858577]^. Indeed, this could explain the unexpected pattern of re-epithelialization for rabbit A. The epithelial wounds created in this study should therefore be regarded as extensive, but by no means should be considered as a model of total LSCD. The goal of the study was therefore to investigate the impact of cultured LMSC when applied to extensive, freshly created epithelial wounds, rather than chronic wounds with an established LSCD phenotype. Notably, the outcomes observed were found to be highly dependent upon whether or not the RLMSC had been cultivated and implanted in the presence of corneal-limbal epithelial cells.

Overall, the results from our study illustrate that when allogeneic cultures of rabbit LMSC are applied to the ocular surface in the absence of cultivated epithelial cells, the rate of re-epithelialization is significantly improved, but the epithelium originates from the peripheral conjunctival tissue. Moreover, the enhanced conjunctivalization is associated with a significant increase in corneal neovascularization. In contrast, when the LMSC are supplied in the presence of cultivated HLE cells, there is less conjunctivalization of the ocular surface and an associated decrease in corneal neovascularization. The marked improvement in epithelial phenotype observed for two animals (G and H, as judged by K3 expression in the absence of GCs) initially suggested that the rabbit LMSC may have encouraged the implantation and retention of human epithelial cells. This would have been a remarkable result, since it would have encouraged the use of LMSC as tool for facilitating the retention of donor HLE in the treatment of patients with bilateral ocular surface disease. The failure to detect retained human epithelial cells in our study, however, indicates that an alternative mechanism of action is likely to be involved.

In the absence of staining for HNA, we conclude that the regenerated epithelium was derived from rabbit cells; either from remnants of corneal-limbal epithelium or surrounding conjunctiva tissue. The improved outcomes for animals G and H might, therefore, have arisen through two processes. Firstly, factors secreted by the co-cultures may provide a more potent trigger for stimulating remnants of intact corneal-limbal epithelium. Alternatively, pre-cultivation of LMSC in the presence of epithelial cells may have conditioned these cells to enable an enhanced healing response when subsequently applied to the ocular surface. While these two theories are not mutually exclusive, the enhanced stratification of stromal cultures observed in the presence of epithelial cells suggests an effect of HLE on LMSC biology. Trans-differentiation of stromal cells into epithelium is unlikely, however, given the absence of rabbit Y chromosome in regenerated epithelium when examined by FISH.

It is also possible that the LMSC may have in turn altered the biology of the applied HLE. Notably, application of co-cultures was associated with a significantly higher level of serum CRP at 24 h after wounding. While CRP is a rather non-specific marker of acute inflammation associated with tissue damage, its production by the liver is signaled by interleukin-6 (IL-6), which has itself been shown to be upregulated in co-cultures of HLE and limbal fibroblasts compared with HLE cultured under control conditions^[@bibr18-0963689719858577]^. Nevertheless, it is unlikely that the application of cultured HLE to the ocular surface would have been responsible for altering systemic CRP levels. Indeed, it is more likely that the significantly elevated CRP levels observed after 24 h was simply in response to the greater quantity of cellular material applied to the wound.

The present findings agree with those of Acar et al.^[@bibr14-0963689719858577]^ and Holan et al.^[@bibr15-0963689719858577]^ in so far as both prior studies reported increased re-epithelialization of acute wounds when treated with LMSC. Nevertheless, the majority of previous studies have demonstrated a decrease in corneal neovascularization when LMSC are applied to the ocular surface ([Table 2](#table2-0963689719858577){ref-type="table"}). Differences in methodology including wounding method, treatment method, and animal model may well account for this. In particular, the use of HAM as a carrier in conjunction with HLE is novel to the present study. With respect to the fate of applied epithelial cells, our inability to detect HLE (by staining for HNA) 12 weeks after application to the injured rabbit ocular surface is consistent with findings from clinical studies when the fate of allogeneic cultures of HLE has been investigated^[@bibr19-0963689719858577]^. It could therefore be argued that healing of the ocular surface is ultimately dependent upon the so-called hidden epithelial cells retained following injury^[@bibr5-0963689719858577]^, rather than the long-term engraftment of cultivated epithelial cells. Nevertheless, as highlighted in a recent review^[@bibr20-0963689719858577]^, this remains a controversial issue since some clinical data are consistent with donor cells being retained for several years before being rejected. More research is therefore clearly required into the factors that determine cell fate following transplantation to the ocular surface.

The use of conventional histological methods to study the resulting epithelial phenotype of healed corneas was both a strength and limitation of our study. The advantage of this strategy is that it supported the use of multiple staining methods (H&E, PAS, and immunohistochemistry for cytokeratins 3 and 13) as opposed to probing a whole flat-mounted cornea for a single marker. The disadvantage of this approach, however, is that we were unable to accurately measure the relative presence of corneal and conjunctival epithelial cells within the healed tissues. Ideally, a transgenic mouse model containing endogenous fluorescent labeling for corneal epithelial cells (e.g., red K12) and conjunctival epithelial cells (e.g., green K13) should be used and would have the additional advantage of enabling longitudinal monitoring of healing patterns. Nevertheless, the co-expression of K13 with K3, both within the normal corneal limbus and subsequently on healing corneas, encourages the search for additional markers. Interestingly, an apparent translocation of limbal phenotype onto the corneal surface has also been observed in murine models based upon shifts in K14 expression^[@bibr21-0963689719858577]^. In any case, based upon the results of the present study, we conclude that the presence of PAS-reactive GCs is a more definitive marker for mature conjunctival epithelium and especially since positive staining was never observed in the tissue that expressed K3.

Conclusions {#section23-0963689719858577}
===========

In conclusion, these results provide further evidence of a potential clinical application for LMSC. In particular, the greatest benefits were observed when the stromal cells were applied in conjunction with a culture of human corneal-limbal epithelial cells. Nevertheless, since no human epithelial cells could be detected following treatment, it appears that the effects of LMSC might be mediated in part by pre-conditioning of the stromal cells in culture by the epithelial cells prior to their application to the ocular surface. Nevertheless, the regenerated epithelium in all cases appears to be primarily derived from endogenous cells (corneal and/or conjunctival). These findings encourage deeper consideration of the potential role for stromal cells as contaminants of HLE cultures when applied to the ocular surface. Moreover, we propose that donor LMSC when applied in conjunction with donor HLE could provide an effective tool for the management of bilateral ocular surface disease in cases where islands of healthy corneal limbus can be detected by in vivo scanning confocal microscopy.
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